The parallel plate resonator method is a popular means to determine the surface resistance of super-conductors at microwave frequencies [l]. In this paper, the Finite Difference Time Domain (FDTD) method is used to analyze the resonant frequency and the dielectric and conductor losses within a microwave enclosure containing a parallel plate resonator. The resonator's losses are examined for the purpose of identifying experimental conditions that lead to inaccurate surface resistance measurements.
The parallel plate resonator technique for the measurement of the surface resistance of superconductors is described in [l] . In this method, a parallel plate resonator is formed from two samples of a superconductive material separated by a thin dielectric spacer. The parallel plate resonator is placed in a slightly larger microwave enclosure for testing. No electrical connections are made to the resonator, but excitation of the transverse electromagnetic modes between the parallel plates are accomplished by placing small electrical probes near to the open edges of the resonator. ??le electromagnetic fields within the test enclosure are dominated by the transverse electromagnetic modes between the plates of the resonator as a result of the close spacing between the plates. In the ideal case, the Q of the enclosure is dominated by the super-conductive losses of the parallel plate resonator. The exact placement of the resonator within the larger enclosure is not critical. The method has become popular principally because it does not require detailed knowledge of the modal distributions within the resonator and because sample preparation is relatively simple. Other methods such as the cavity end wall replacement method often suffer from large experimental error. In the end wall replacement method, particular cavity modes are measured with all normal conducting materials and with one end wall replaced by superconductive material. However, the loss in the super-conductor must be found by subtracting two measurements in which differences between the normal cavity and the cavity with one superconductive end wall are relatively small.
As described in [ 11, the three most significant losses that determine the Q of the parallel plate resonator are : (1) the resistive loss due to the surface resistance Rs of the super-conductor within the parallel plate resonator, (2) the dielectric loss inside the dielectric spacer, and (3) the radiation loss at the edges of the open resonator. The unloaded Q of the enclosure is given by [l] :
where s is the resonator spacing, tan6 is the dielectric loss tangent, and a and p are proportionality constants that depend on the radiation loss and the modal structure of the resonant cavity, respectively. In this paper, the field distributions and cavity losses within the microwave enclosure and parallel plate resonator are examined using the Finite Difference Time Domain (FDTD) method [2] . Using FDTD, the electric and magnetic field components are calculated throughout the enclosure in the time domain on a non-uniform mesh. The mesh consists of a number of basic three-dimensional Yee cells on which the six components of the electric and magnetic fields are situated. The three components of the electric (E-) fields are oriented tangential to and in the middle of the edges of a Yee cell, while the magnetic (H-) fields are oriented normal to and in the center of the faces of the Yee cell. Due to the very small spacing used between the superconductive surfaces of the parallel plate resonator (about 0.00254 cm), a different cell dimension is used perpendicular to the plane of the plates (z-dimension) than was used in the tangential directions (x-and y-dimensions).
In the FDTD method, a time dependent electric source is introduced into the cavity by setting the electric field components at one or more cells equal to a function of time. The particular time dependence of the source used is not critical, but the bandwidth of the applied pulse must be sufficient to excite the resonator modes of interest. For the calculations here, a Gaussian time dependence was used. The time dependent fields are updated in the usual leap-frog manner where the H-fields throughout the mesh are updated during the frst half-time step, then the E-fields are updated throughout the mesh during the second half-time step. The input pulse was applied until the source decayed to some small nominal value, then the source is tumed off and the fields at the source locations are updated for the remainder of the run in the usual manner.
The resonant frequency is determined by recording the time series of the field components at one or more locations within the parallel plate resonator, and then calculating the Fourier transform of time series. Generally, the amplitude (and phase) of the fiequency components of the Fourier transform is a function of the locations of the field sample points and of the source, and the bandwidth of the applied source. However, by sampling the fields at a number of locations and using an input pulse of adequate bandwidth, the chance of missing a particular resonance is minimized.
In this paper, we investigated the influence of the normal conductors and the dielectric on the resonant fiequency and the enclosure Q. The losses within the enclosure consist of normal conductor and superconductor surface resistance losses, and dielectric losses. The conductor losses within the enclosure were determined for a given resonator spacing by integrating the square of the tangential H-field over the surface of the conductive surfaces, and multiplying by 5. The dielectric losses were calculated by multiplying the square of the E-field by Ew,.tan6, where E is the dielectric permeability, coo is the resonant fiequency and tan6 is the dielectric loss tangent. Using FDTD, the cavity Q was calculated using
Eqn. (2).
where in the numerical calculations the volume integrals are replaced by summations throughout the volume of the enclosure and by summations over the surface of the conductors.
The summation of the losses over a surface or volume was carried out in the time domain since it requires much less computation and computer memory than transforming the required time domain fields to the frequency domain and then summing , When performed in the time domain, the volume summation of &E2 or the surface summation of-H2 are recorded at each time step for the duration of the run, then the time series of the surface and volume summations are Fourier transformed to determine the amplitude of the loss as a function of the frequency. For a particular resonant frequency coo, the amplitude of the loss at a frequency 2.0, is used in the calculation of the resonator Q. Figure 1 plots the value of s/m calculated using FDTD versus the resonator spacings for the fundamental mode of a 1.27xO.635 cm parallel plate resonator. The parallel plate resonator consists of two 1.27x0.635 cm superconductive thin films (q=O.74x1O3 ohms at 10 GHz) separated by a sapphire dielectric spacer (~,=9.2, tan6=2x10-') of thickness s. The resonator is centered in a 1.905~1.25x(O.l+s) cm thick, normally-conducting enclosure (Rs=0.015 ohms at 10 GHz). The calculated data in Fig. 1 is shown with and without a 0.05cm thick LaA10, substrates (&,=22, tan6=104) for the superconductive films. The values of s/ m are shown for three different sapphire spacer thicknesses of 0.00254 cm, 0.0102 cm and 0.0204 cm. The curves shown are quadratic curve fits to the three data points. Fig. 1 shows that that the dielectric substrate significantly affects the shape the s/m versus s curves. In addition, the resonant frequency and is also significantly influenced by the dielectric substrate. The corresponding unloaded resonant frequencies were 3.81 1 GHz, 3.601 GHz and 3.434 GHz, respectively, with the LaA10, substrate, or 3.956 GHz, 4.064 GHz and 4.194 GHz without the LaAIO, substrate.
If the total field energy is concentrated in the parallel plate resonator and the dielectric losses are small, then the surface resistance of the super-conductor Rr= s/m, where the Q is measured for the entire enclosure. However, in the case discussed above, the LaAlO, substrate effects the proportion of energy located outside of the parallel plate resonator, and therefore affects the Q of the entire enclosure. Fields located outside of the parallel plate resonator are dissipated by the dielectric substrate and by the surface resistance of the normal conductor that forms the surrounding enclosure. Tables I and I1 list the Qs calculated due to dielectric losses only, super-conductor losses only, and normal conductor losses only for the resonator with and without the LaA10, substrate, respectively. The reciprocal of the effective Q for the entire enclosure is equal to the sum of the reciprocal Qs due to each of the individual loss mechanisms acting alone. The value of the surface resistance calculated from the effective Q and the assumed surface resistance at the resonant frequency are also shown in Tables I and 11. The discrepancy between R, calculated from s/m and the assumed & is smaller in Table I1 when the LaAIO, substrate is excluded. Table I shows that the effective Q is dominated by the losses in the super-conductor only when the resonator spacing s is less than about 0.00254 cm if the LaAIO, substrate is present. This leads to a large error due to the normal conductor losses in the walls of the enclosure when s is equal to 0.0102 cm or larger. In such a case, it should be possible to minimize the normal conductor losses and reduce the error by coating both sides of the LaAIO, substrate with a superconductive film.
In summary, calculations of conductor losses with FDTD have shown that the LaA10, substrate, with a dielectric constant of about 22, can significantly affect the percentage of field energy outside the parallel plate resonator. These leads to significant field dissipation by the normal conductors inside of the enclosure, in which case the assumption that losses within the parallel plate resonator dominate the effective Q is invalid and the surface resistance of the superconductive film will not be accurately given by s/m. The addition of a superconductive film to both sides of a LaAIO, substrate should improve the experimental accuracy. Experimental data is forthcoming to support these conclusions. 
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